The vascular system developed early in evolution. It is required in large multicellular organisms for the transport of nutrients, oxygen, and waste products to and from tissues. The vascular system is composed of hollow tubes, which have a high level of complexity in vertebrates. Vasculogenesis describes the de novo formation of blood vessels, e.g., aorta formation in vertebrate embryogenesis. In contrast, angiogenesis is the formation of blood vessels from preexisting ones, e.g., sprouting of intersomitic blood vessels from the aorta. Importantly, the lumen of all blood vessels in vertebrates is lined and formed by endothelial cells. In both vasculogenesis and angiogenesis, lumen formation takes place in a cord of endothelial cells. It involves a complex molecular mechanism composed of endothelial cell repulsion at the cell-cell contacts within the endothelial cell cords, junctional rearrangement, and endothelial cell shape change. As the vascular system also participates in the course of many diseases, such as cancer, stroke, and myocardial infarction, it is important to understand and make use of the molecular mechanisms of blood vessel formation to better understand and manipulate the pathomechanisms involved.
A ll large multicellular organisms require a vasculature for the supply of tissues with nutrients and oxygen, and for the removal of metabolic waste products and carbon dioxide from tissues. Thus, the cardiovascular system developed early during evolution of large multicellular organisms. Importantly, diffusion of oxygen is only possible within a reasonable time over few cell diameters to ensure proper tissue oxygenation. In addition, the solubility of oxygen in aqueous solutions, such as interstitial fluid or cell plasma, is low. Thus, a cardiovascular system that pumps oxygen carrier proteins close to the cells of all tissues is needed for aerobic metabolism and thus for development, growth, and homeostasis. A common feature of most cardiovascular systems found in the animal kingdom is the presence of contracting muscular structures, which serve as pumps to circulate blood through multicellular tubes or channels within the entire organism (Fig. 1 ).
Morphology and Formation of Invertebrate Blood Vessels
Invertebrates have various different vascular systems. Porifera and Cnidaria, for example, have a body cavity with apical cilia that serves both for nutrient and oxygen uptake, and therefore, it is sometimes called the gastrovascular cavity. Arthropodes and mollusks (but not cephalopods) have an open circulatory system (Fig. 1A) , in which the cardiovascular system is separated from the gastrointestinal system. It is closed toward the outside, but opened toward the coelom and interstitium. The cardiovascular lumen is surrounded by the basal cell surface of cardioblasts (Yarnitzky and Volk 1995) . Hemolymph is the name of the blood fluid, which is pumped from the heart to the open hemocoel and back to the heart. Cephalopods (Barber and Graziadei 1965) , annelids (Graupera et al. 2008) , holothurians (Herreid et al. 1976) , and amphioxus (Ruppert 1997 ) have a In arthropods and mollusks the organs are surrounded by hemolymph. The heart pumps the hemolymph into the open hemocoel from where it is retrieved back into the heart (arrows). (a) The vascular system is lined with a layer of cardioblasts and a luminal basement membrane. The hemolymph contains hemocytes. (B) In annelids, cephalopods, holothurians, and amphioxus the blood is located in a closed vascular system. The latter consists of blood vessels in which the blood is pumped by contractile myoepithelial cells (arrows show the direction of the blood flow). (b) The vessels are lined by the basement membrane of mesothelial cells and/or intestinal cells. Hemocytes occur free in the vessel lumen as well as adherent at the luminal basement membrane. (C) In vertebrates, the circulatory system is closed. The blood is pumped through the whole organism by the heart. Arrows indicate the direction of blood flow. (c) The vasculature is lined by the apical cell surface of endothelial cells. In contrast, the vascular basement membrane is abluminally located. Peripheral mural cells are located basal, within or at the basement membrane, and stabilize the vessels. The blood mainly contains red blood cells, besides leukocytes and thrombocytes. (Figure is from Strilic et al. 2010; reprinted, with permission, from Springer # 2010.) closed circulatory system (Fig. 1B) , composed of simple channels lined by a basal cell surface of mesothelial or intestinal cells, extracellular matrix, and/or basement membrane. The lumen contains plasma and blood cells, called hemocytes (Haag et al. 1999 ).
Formation of Invertebrate Blood Vessels
Different mechanisms regulate vascular lumen formation in invertebrates. In amphioxus, for example, a laminin-containing extracellular matrix (ECM) separates the basal cell surface of endoderm and mesoderm from each other along the anterior-posterior axis (Stach 1998; ). In this ECM-filled extracellular space, hemocytes are present, which are involved in depositing, degrading, and adhering to the basal ECM ). Hemocytes are often found both adherent to the basement membrane and located within the developing vascular lumen (Fig. 1B) (Adachi et al. 2005; Fessler and Fessler 1989) .
In the annelid Sabellaria cementarium, the blood vessels are likely to form through separation of apposing basement membranes, which are present on the basal cell surfaces of mesothelial cell sheets (Graupera et al. 2008) . During deadhesion of these cell sheets, blood appears between the two separating mesothelial cell layers, and thus the lumen may develop by repulsion of apposing basal cell surfaces.
During heart formation in Drosophila melanogaster, cardioblasts develop from the lateral plate mesoderm, migrate toward the midline, and form a heart tube (Rugendorff et al. 1994 ), a process regulated by the Robo-Slit pathway (Qian et al. 2005; MacMullin and Jacobs 2006; Santiago-Martinez et al. 2006) . During this process, basal cell surfaces (connection via Drosophila epithelial [DE] cadherin) most likely deadhere from each other or wrap around to form the developing cardiovascular lumen (Haag et al. 1999; Medioni et al. 2008; Santiago-Martinez et al. 2008) .
Taking these organisms as examples, many or most invertebrates form a cardiovascular lumen by using their basal cell surfaces (Fig. 1A,B) .
Morphology of Vertebrate Blood Vessels
Vertebrates have a closed circulatory system lined by endothelial cells (ECs) (Fig. 1C) . The blood mainly contains red blood cells, besides leukocytes and thrombocytes (Fig. 1C) . Vertebrate blood vessels are composed of an endothelial cell layer facing the vascular lumen with its apical cell surface. A basement membrane and mural cells (smooth muscle cells or pericytes) are positioned abluminally on the outside of the endothelial cell tube (Betsholtz et al. 2005; . The vertebrate vascular system is a complex system of different types of blood vessels (Eichmann et al. 2005; Yano et al. 2007 ). Arteries transport the blood away from the heart and are surrounded by a tight layer of mural cells. Veins conduct the blood back to the heart and contain venous valves, which develop from an invagination of the endothelial cell layer with its basement membrane and prevent a backflow of the blood. Generally, veins harbor less mural cells on their outside. Capillaries connect the small arteries, called arterioles, with small veins, called venules. Delivery of nutrients and oxygen, as well as removal of waste products and carbon dioxide, takes place in capillaries. Capillaries are 5-10 mm in diameter and contain pericytes on their abluminal side. In contrast, large vertebrate blood vessels contain three principal tissue layers: the tunica intima composed of ECs, the tunica media composed of smooth muscle cells, nerve cells, and extracellular elastin, and the tunica externa composed of collagen fibers and fibroblasts.
All vertebrates harbor an endotheliumlined vascular system, suggesting a selective advantage of this kind of system over the vascular system of invertebrates ). Possible advantages of endothelium-lined blood vessels could be that vessels with ECs are modular and are able to change their morphology according to the needs of the surrounding tissues. Furthermore, EC-lined blood vessels form defined routes, which can be opened and closed via the surrounding mural cells to adapt to the metabolic needs and physiologic requirements of the entire organism. Another advantage could be that the apical EC surfaces form a smooth cell surface with the help of their apical glycocalyx (Strilic et al. 2010a) , lowering the resistance for blood flow, and thus enabling fast blood flow to and from tissues. ECs can also become prothrombotic, in case of injury, and are able to attract immune cells to sites of tissue injury.
Vertebrate Blood Vessel Formation
Two different ways of blood vessel formation occur in vertebrates: angiogenesis and vasculogenesis (Fong et al. 1999; Olsson et al. 2006; Adams and Alitalo 2007) . A third mode has been described for the formation of the cardinal vein (Herbert et al. 2009 ). Angiogenesis describes blood vessel formation from preexisting vessels, e.g., via blood vessel sprouting (Walls et al. 2008; Lawson and Weinstein 2002) . Vasculogenesis is the process of forming a blood vessel de novo in the absence of preexisting vessels (Parker et al. 2004; Strilic et al. 2009 ). In general, vertebrate blood vessel formation consists of three basic steps: (1) formation of a multicellular endothelial cell cord, (2) formation of a central vascular lumen within this cord, and (3) initiation of blood flow through the vascular lumen (Fig. 1C) (Kamei et al. 2006; Blum et al. 2008; Herbert et al. 2009; Strilic et al. 2009 ). The first blood vessel to develop de novo in mammals is the dorsal aorta (Fong et al. 1999) , and the aorta develops into the largest arterial blood vessel. In mammalian embryonic development, ECs form two dorsal aortas simultaneously on both sides of the neural tube, and fuse in the midline during later embryonic development.
MOLECULAR STEPS OF VASCULAR LUMEN FORMATION IN MAMMALS
During embryonic development, ECs first start to differentiate from angioblasts (EC precursor) and start to express EC markers, such as platelet and endothelial cell adhesion molecule-1 (PECAM-1) and vascular endothelial growth factor receptor-2 (VEGFR-2). These ECs migrate toward the endoderm guided by VEGF to form the aortic primordia. In a transversal cross section of the mouse dorsal aorta, two to three ECs are often found next to each other ( Fig. 2A) .
Cell -Cell Junctions in ECs
Vascular endothelial cadherin (VE-cadherin) is a cell adhesion molecule belonging to the cadherin protein family and is exclusively expressed in ECs and some tumor cells (Cavallaro et al. 2006; Labelle et al. 2008) . VE-cadherin facilitates homotypic interactions between ECs, but is not strictly required for the adhesion of ECs to each other. Another cell adhesion molecule expressed in ECs is the neural cadherin (N-cadherin) (Luo and Radice 2005) , which seems to increase the amount of VE-cadherin at the endothelial cell-cell contact. In contrast, VE-cadherin is strictly required for the polarization of ECs in vitro and in vivo Lampugnani et al. 2010) . VE-cadherin and adherens junctions are initially located throughout the entire endothelial cell-cell contact in a punctuated manner before they localize to lateral positions ( Fig. 2A,B) .
EC Polarity
In epithelial and endothelial cells, it has been shown that polarization often starts with the delivery of deadhesive apical glycoproteins to the cell -cell contact via exocytosis (MartinBelmonte et al. 2007; Ferrari et al. 2008 ). Deadhesive molecules include CD34-sialomucins, such as CD34 and podocalyxin (PODXL) (Fig. 2B) . During delivery of apical glycoproteins to the cell-cell contact, the adherens junctions translocate to lateral positions (Fig. 2B) . Two possibilities are suspected to be involved in this junctional rearrangement: Either VEcadherin is endocytosed at the cell -cell contact or VE-cadherin is pushed to the lateral cell borders by apical glycoproteins. The new junctions have properties of adherens (AJ) and tight junctions (TJ), as they contain both VE-cadherin (characteristic of AJ) and ZO-1 protein (characteristic of TJ) (Bazzoni and Dejana 2004) . At the time when apical glycoproteins are delivered to the cell -cell contact, F-actin gets recruited to the apical cell surface. Electrostatic repulsion of apposing cell surfaces, owing to the negatively charged apical glycocalyx (Fig. 2B, arrows) , leads to the development of small slits between the adjacent ECs (Strilic et al. 2010a ), which subsequently expand in lumen width. Similar to the apical glycoproteins, VE-cadherin also gets connected to the F-actin cytoskeleton in ECs.
Intracellular Steps
ERM proteins (ezrin, radixin, and moesin) are recruited to the apical EC surface ) and get phosphorylated via protein kinase C (PKC). Moesin is the most abundant ERM protein in ECs (Nielsen and McNagny 2008) . However, other ERM proteins, i.e., ezrin and radixin, are also found in ECs, suggesting functional redundancy. Moesin can bind directly or via adaptors to the cytoplasmic domains of apical glycoproteins, such as PODXL (Fig. 2C) . Thus, phosphorylated ERM proteins can directly link the apical glycoproteins to F-actin in ECs (Fig. 2C ).
VEGFR-2 Signaling
Formation of apical cell surfaces and electrostatic repulsion are sufficient for the initial deadhesion of adjacent ECs and for slit formation, but are not sufficient for the development of a patent vascular lumen. Vascular endothelial growth factor-A (VEGF-A) therefore induces cell shape changes that further separate the apical cell surfaces from each other . A VEGF-A dimer binds to its receptor VEGFR-2 (Fig. 2D) , which dimerizes and transphosphorylates itself on tyrosine residues. Downstream from VEGFR-2 Rho-associated protein kinase (ROCK) gets activated, which subsequently stimulates formation of an actomyosin complex. With regard to nonmuscular myosin II light chain (nm-MLC), the phosphorylation of nm-MLC increases (Sun et al. 2006) , which allows nm-myosin II to interact with the F-actin cytoskeleton (Fig. 2D) . The F-actin cytoskeleton and actomyosin complexes subsequently generate the force needed to further separate the apposing apical cell surfaces and thus widen the aortic lumen (Fig. 2E ).
MORPHOLOGICAL CHANGES DURING VASCULAR LUMEN FORMATION
Two different ways of lumen formation have been discussed: cord hollowing (Billroth 1856) and cell hollowing (Sabin 1920) . Cell hollowing was suggested to be a mechanism of vascular lumen formation (Folkman and Haudenschild 1980; Davis and Camarillo 1996; Kamei et al. 2006 ). According to the vacuole coalescence model, ECs form large intracellular vacuoles, which constitute a central vascular lumen inside each EC, thus giving rise to a seamless vascular lumen. In addition, the vacuoles arise from pinocytosis, as shown by in vitro studies (Davis and Camarillo 1996) . Newer studies, however, showed that cord hollowing is more likely to be the common mechanism of vascular lumen formation in the majority of blood vessels (Parker et al. 2004; Jin et al. 2005; Blum et al. 2008; Herbert et al. 2009; Strilic et al. 2009 ). During the VEGF-driven cytoskeletal events, the apposing apical endothelial cell surfaces separate from each other. Simultaneously, the ECs and also their nuclei elongate in parallel to the developing lumen and flatten ( Fig. 2C-E) .
Junctional Remodeling during Lumen Formation
Vascular lumen formation is a dynamic process (Parker et al. 2004; Jin et al. 2005; Blum et al. 2008; Strilic et al. 2009 ). After a lumen has formed within an endothelial cell cord, junctional remodeling can take place (Fig. 3) (Strilic et al. 2010b) . It was shown in the development of tracheae in D. melanogaster that multicellular Strilic et al. 2010b; reprinted, with permission, from Springer # 2010.) tubes are able to rearrange their junctions and thereby form unicellular tubes from multicellular ones (Fig. 3A-D) (Ribeiro et al. 2004) . Because ECs have fusogenic functions, it is also possible that an EC fuses with itself to form a seamless blood vessel (Fig. 3D,E) . Indeed, capillaries can have only one or even no junction on cross sections, supporting the notion that junctions can significantly rearrange after lumen formation by cord hollowing.
Lumen Expansion
The lumen diameter of vessels must increase during the entire embryonic and juvenile development. The aorta lumen increases from 5 mm ) to 1 in in humans. During early embryogenesis despite lack of blood flow and mural cell coverage Wiegreffe et al. 2009 ), EC proliferation directly affects lumen diameter (Graupera et al. 2008; Stenman et al. 2008 ). In the adult, hemodynamic stimuli caused by shear stress significantly contribute to increased lumen diameter. During stenosis of blood vessels, collateral blood vessels (in particular, arterioles) significantly expand their lumen diameter to compensate for the narrowing of a large coronary artery (Cai and Schaper 2008) .
MEDICAL APPLICATIONS
The endothelium is involved in most human diseases. Thus it is necessary to learn more about vascular lumen formation on a molecular level for better understanding the pathomechanisms of diseases and for designing new drugs or therapies.
Cancer and Metastasis
In malignant tumors, blood supply helps the tumor to quickly grow and compete with healthy tissue for space, nutrition, and oxygenation. The characteristics of malignant tumors are the fast-growing, invasive cells, which break the tissue borders to form metastasis. To get access to nutrients and oxygen, tumors can receive blood supply via angiogenesis and/or vasculogenesis. However, in some malignant tumors, tubular structures, probably formed by the tumor cells themselves, are found. It has been suggested that the tumor cells can form vessels to enable supply with oxygen and nutrients, a process called "vascular mimicry" (Maniotis et al. 1999) . Like in invertebrates, the lumen of these channels is lined by basement membrane . These channels are supposed to transport plasma to the tumor tissue (Maniotis et al. 1999) . Vascular mimicry-derived channels vary in size, and therefore, it is difficult to imagine a normal red blood cell circulation in these tumors. However, because blood cells can rupture in uneven tumor blood vessels, it is possible to speculate that extraerythrocytic hemoglobin contributes to the oxygenation of the tumors to some extent (Bürgers and Lammert 2011) , similar to the situation found in the earthworm. Thus, understanding the molecular mechanisms of neovascularization via ECs and vascularization via vasculogenic mimicry is critical for better designing antitumor drugs.
Common Stenoses
Arteriogenesis is caused by an increased fluid shear stress, which is caused by a higher blood flow through the small collateral arteries when the major arteries become occluded (Cai and Schaper 2008) . In response to an increased shear stress, ECs start expression of chemoattractant molecules and growth factors, which make ECs and smooth muscle cells (SMCs) proliferate, thus resulting in the expansion of an arteriole to a larger artery. Again, a better understanding of the underlying molecular mechanisms is required for stimulating the arteriogenic process in patients suffering from stenosis to prevent infarction, such as myocardial infarction.
OUTLOOK
Until recently, the molecular and cellular mechanisms involved in blood vessel lumen formation have been largely unknown. However, the analyses of the dorsal aortae in mouse embryos and intersomitic vessels in zebrafish embryos set an experimental framework for dissecting the molecular mechanisms involved in blood vessel lumen formation and expansion. This framework will help to put various molecules involved in blood vessel lumen formation and lumen widening into a mechanistic model to define their functional roles (Figs. 2 and 3) .
